Background-It has been proposed that elements of the renin angiotensin system expressed in the arterial wall are critical for the development of atherosclerosis. Angiotensin converting enzyme (ACE) is highly expressed by the endothelium and is responsible for a critical enzymatic step in the generation of angiotensin II. However, the functional contribution of ACE expression in the vascular wall in atherogenesis is unknown. Therefore, we made use of unique genetic models in which mice without expression of ACE in the vascular wall were crossed with apoE -/mice in order to determine the contribution of tissue ACE expression to atherosclerotic lesion formation.
Introduction
The traditional view of the renin angiotensin system is that of a systemic, hormonal regulatory pathway with a major functional role in hemodynamic homeostasis. This concept has now been superseded by a plethora of data defining important roles for angiotensin II that extend far beyond blood pressure control. [1] [2] [3] The new paradigm for angiotensin II includes many functions such as roles for angiotensin II in cell growth and apoptosis, production of growth factors, generation of reactive oxygen species, thrombosis, immune responses, and tissue remodeling. 1, [3] [4] [5] [6] All of these processes are important in the normal physiology of many target organs and equally important in the pathophysiology of many disease processes. The target organs for angiotensin II include virtually every tissue in the body including the heart, brain, kidney, and the vascular wall.
A significant component of our new understanding of the pathophysiological role of angiotensin II comes from an appreciation of the fact that the renin-angiotensin system is not an exclusively "systemic" system at all. 2, 7, 8 Virtually all of the enzymatic components of the renin angiotensin system have been identified in a variety of cell types throughout the body. 2 Local production of angiotensin II may be of equal or greater importance in multiple pathologic scenarios. 7 This is of particular relevance in the setting of atherosclerosis where localized generation of angiotensin II within the arterial wall has been implicated as a critical proximal step in atherogenesis. 2 Thus, the concept that the combined synthetic functions of the liver, kidney and lung form the only source of angiotensin II has been abandoned in favor of an appreciation of the potentially more important local production of angiotensin II within specific tissues. 2, 7 Angiotensin converting enzyme (ACE) is particular germane to atherogenesis not only because it is a primary enzymatic source of angiotensin II, but also due to the fact that ACE inhibition is a common therapeutic strategy that has been suggested to be useful in the treatment of atherosclerosis. In terms of local expression in the vascular wall, ACE has been identified in the vascular endothelium as well as macrophages. 9, 10 Endothelial ACE has been proposed to be particularly relevant in the pathogenesis of atherosclerosis. 11 -13 Using the apoE -/model of atherosclerosis, we sought to determine the functional significance of vascular wall ACE expression in atherosclerosis using genetically modified animals that lack ACE expression in the vascular wall. We used two previously characterized genetic mouse models of selective ACE expression. The ACE 2/2 mice only express the amino terminal potion of somatic ACE. 14 The lack of the membrane anchoring portion of ACE in these animals results in ACE being "soluble" and not tissue associated. Thus, while ACE is synthesized in the same distribution as full length ACE, cells secrete the amino terminal domain of ACE as the enzyme is not be tethered. ACE is synthesized locally, but due to the lack of tethering, ACE is not retained in the vascular wall. We also used ACE 3/3 mice in which the ACE locus was genetically modified to disassociate ACE expression from the somatic ACE promoter and place it under the control of the albumin promoter. 15, 16 In these mice there is also no ACE expression in the vascular wall as ACE expression is restricted to the liver and to a lesser degree the kidney. Using these two models, both of which exhibit a lack of ACE expression in the arterial wall, we studied the contributions of vascular wall ACE to atherosclerotic lesion formation.
Methods

Animals and Diets
All animal studies were approved by the Emory University Institutional Animal Care and Use Committee in accordance with the guidelines set forth by the NIH Guide for the Care and Use of Laboratory Animals. ACE-knockout mice type 2 (ACE 2/2)14 and type 3 (ACE 3/3)16 were provided by Dr. Ken Bernstein. ACE 2/2 and ACE 3/3 mice were backcrossed for 4 generations to C57BL/6 mice. All mice were bred as ACE heterozygotes, because ACE 2/2 mice are sterile. This breeding strategy also generates mice that are wild type littermates with respect to ACE 2/2 and ACE 3/3 (ACE 2/2WT and ACE 3/3WT) which are used as controls.
Female mice heterozygous for the ACE gene (ACE 2/2HZ and ACE 3/3HZ) were mated with male ApoE -/mice on a C57BL/6 background that were purchased from The Jackson Laboratory (Bar Harbor, ME), generating F 1 offspring that were either heterozygous or wild type with respect to the mutant ACE gene and heterozygous for the apoE gene (ApoE +/-). These F 1 mice that were heterozygous with respect to the mutant ACE genes were then mated to produce F 2 mice that were heterozygous with respect to the mutant ACE genes and homozygous for apoE deficiency (ApoE -/-) which were then mated to produce F 3 offspring.
From the F 3 offspring we acquired ACE 2/2/ApoE -/and ACE 3/3/ApoE -/mice for our experiments. Controls for the ACE 2/2/ApoE -/and ACE 3/3/ApoE -/mice were age-matched littermates from the same generation with ACE 2/2WT/ApoE -/and ACE 3/3WT/ApoE -/genotypes respectively. All mice were genotyped by polymerase chain reaction (PCR) from tail DNA, as previously described. 14, 17 At 8 weeks of age, male mice from each of the four genotypes were placed on either the standard or Western diet for 6 months. The western-type diet (0.15% cholesterol, 42% fat) used in all experiments was purchased from Harlan Teklad, Inc (TD 88137, Indianapolis, Indiana). Systolic blood pressure was measured using a computerized, non-invasive, tail-cuff method (BP2000, Visitech) as previously described. 18 Animals were euthanized by slow CO 2 inhalation after 6 months of treatment. Blood was collected by cardiac puncture for lipid profiles and plasma ACE activity. Plasma lipid analyses were performed by Cardiovascular Specialty Labs (Atlanta, GA). Triglycerides and total cholesterol were determined by enzymatic methods on a CX5 chemistry analyzer (Beckman Coulter, Fullerton, CA) with Beckman reagents and controls. Low-density lipoprotein cholesterol and high-density lipoprotein cholesterol were estimated with the homogenous enzymatic kits from Equal Diagnostics (Exton, PA). VLDL was determined by calculation as total cholesterol minus the sum of Low-density lipoprotein cholesterol and high-density lipoprotein cholesterol. Plasma ACE activity was measured using a commercially available kit (Alpco, # 01-RK-ACD).
Evaluation of Atherosclerotic Lesions
The heart and aorta were pressure-perfused with 0.9% sodium chloride solution, followed by pressure fixation at approximately 100 mm Hg with a 10% formaldehyde solution. The extent of atherosclerotic lesion formation in the ascending and descending thoracic and abdominal aorta was analyzed as previously described. 18 For cross-sectional analysis of lesion area in the ascending aorta hearts and ascending aortas were embedded in paraffin, and 5-μm thick serial sections were prepared for staining with hematoxylin and eosin. Digital images were captured from serial sections at the level of the sinus of valsalva and lesion area analyzed using NIH Image software. In addition, atherosclerotic cap thickness and necrotic core areas were measured using the digital calipers in the software.
Immunostaining for ACE was performed using a rabbit polyclonal, anti-mouse ACE antibody developed in Dr. Bernstein's laboratory. 16 Samples were incubated with a biotinylated goat anti-rabbit secondary antibody from Vector Laboratories (1:200 dilution) followed by imaging with a streptavidin conjugated quantum dot (Q-Dot 605) from Invitrogen (1:100 dilution). All samples were counterstained with the nuclear counter stain, 4′-6-Diamidino-2-phenylindole (DAPI).
All data are presented as mean ± SEM. Statistical significance was determined by ANOVA. Post hoc analysis was performed using the Duncan New Multiple Range Test.
Results
Atherosclerotic lesion areas in ACE 2/2/ApoE -/mice
Atherosclerotic lesion area in the aorta was quantified after 6 months of standard or Western diet. Panel A in figure 1 shows mean data for the analysis of the ascending aorta from the four treatment groups. The ACE 2/2/ApoE -/mice demonstrated markedly reduced lesion area when compared to the wild type littermates for both diet treatment groups. In both the ACE 2/2/ ApoE -/mice and the wild type littermates, treatment with the western diet resulted in an increase in atherosclerotic lesion area. Similar trends were obtained for the en face analysis of the descending aorta (figure 1B/C).
The ACE 2/2 mice have been previously shown to have a phenotype that is characterized by reduced blood pressure and reduced plasma ACE activity. 14, 16 We confirmed that this phenotype persisted when the ACE 2/2 mice were crossed onto the apoE -/background. As shown in Figure 2 , ACE 2/2 mice had a mean tail cuff blood pressure which was significantly lower than that observed in their wild type littermates. Plasma ACE activity in the ACE 2/2/ ApoE -/mice was 1.1±0.2 U/μg protein which was also significantly lower than that observed in the wild type mice (7.8±1.3 U/μg protein, p<0.001). Analysis of serum lipids revealed no significant effect of the ACE 2/2/ApoE -/phenotype (Table 1) . Immunostaining of the aorta of the ACE 2/2/ApoE -/mice for ACE confirmed a lack of ACE expression in the vessel wall ( figure 5 ).
While the ACE 2/2 ApoE -/mice exhibited a reduction in atherosclerotic lesion area, the mechanism remains unclear as the animals have reduced blood pressure, reduced plasma ACE activity and no ACE expression in the vessel wall. Therefore, we also examined atherogenesis in ACE 3/3 mice on the apoE -/background. These mice have ACE expression restricted to the liver and to a lesser degree the kidney as expression is under control of the albumin promoter. Critical to the studies presented here is that despite a total lack of ACE expression in the vascular wall; these mice are normotensive thus allowing us to remove this potentially mitigating factor. 19 Figure 3A shows the atherosclerotic lesion area in the ascending aorta of ACE 3/3/ApoE -/mice as compared to their wild type littermates (ACE 3/3WT/ApoE -/-) for both diet treatment groups. For both the standard chow diet and the western diet treatment groups there was no difference in the lesion area between the ACE 3/3/ApoE -/mice and their wild type littermates. Atherosclerotic lesion structure was not different between the two genotypes as evidenced similar mean fibrous cap thickness in the low fat (102,852±6197 vs. 96,432±2749 μm 2 ) and Western diet (226,555±13,196 vs. 225,654±6627 μm 2 ) of ACE 3/3/ ApoE -/vs. ACE 3/3 WT/ApoE -/mice respectively. Similarly, cap thickness was not different between the two groups after low fat feeding (57±10 μm 2 vs. 57±10 μm 2 in high fat) or feeding with the Western diet (117±10 vs. 113±10 μm 2 ) of ACE 3/3/ApoE -/vs. ACE 3/3 WT/ ApoE -/mice respectively.
Similar results were obtained for the en face lesion area of the descending aorta (figures 3B/ C). The blood pressure of the ACE 3/3/ApoE -/mice was not significantly different from their wild type littermates (Figure 4 ). Plasma ACE activity was lower in the ACE 3/3/ApoE -/mice (3.5±0.5 U/μg protein) as compared to their wild type littermates (7.3±0.9 U/μg protein). There was no ACE expression the vascular wall as determined by immunostaining ( figure 5 ). In addition, serum lipid profiles were similar for the two genotypes (Table 1 ).
Discussion
It is well established that the renin angiotensin system is critically involved in the pathogenesis of atherosclerosis. 6, 8, 20, 21 Studies in several different atherosclerotic models show that treatment with ACE inhibitors and angiotensin receptor blockers almost uniformly inhibit the formation of atherosclerotic lesions. 6, [22] [23] [24] [25] [26] [27] [28] [29] [30] Wassman et al also showed that when AT1 receptor-deficient mice were crossed with apoE -/mice, atherosclerotic lesion formation was reduced. 31 Conversely, when angiotensin II is administered to apoE -/or LDLR -/mice, atherosclerotic lesion extent and complexity is dramatically increased. 18, 32, 33 Thus, it is clear that angiotensin II promotes atherosclerosis. However, the cellular sources of angiotensin II remain uncertain.
Traditional views of the renin angiotensin system as a systemic mechanism for generating angiotensin II have been challenged by the concept that the local generation of angiotensin II within the arterial wall occurs independently of the systemic renin angiotensin system. Therefore, we employed two unique, genetic models to determine the contribution of the vascular wall tissue-based renin angiotensin system to atherosclerosis.
When we crossed ACE 2/2 mice with ApoE -/mice to generate apoE mice with only the soluble form of ACE present, we found that atherosclerosis was dramatically reduced. However, these animals also had substantially lower blood pressure as compared to their apoE -/littermates. Additionally, the plasma ACE activity in the ACE 2/2/ApoE -/mice was approximately 20% of control levels. Thus, while it was obvious that there was a profound effect on atherosclerosis, it was not clear from these studies if the lack of tissue ACE expression, the lower overall ACE activity or the reduction in blood pressure was responsible for the reduction in atherosclerosis.
Our findings in the ACE2/2 mice are similar to those previously reported by another group which demonstrated a decrease in atherosclerotic lesion area. 34 Note should be made that the previously study used only 2 mice that were homozygous for the modified ACE gene and that the major comparison was between wild type and heterozygous mice which yielded an intermediate result in terms of atherosclerotic lesion area. In addition, the previous publication reported no difference in blood pressure in the heterozygote mice whereas in our study with homozygous ACE2/2 mice, there was a significant decrease in blood pressure. Despite these differences, the overall finding that a deficiency in tissue ACE resulted in less atherosclerosis is consistent with our findings.
In order to further delineate the potential contribution of tissue ACE, we employed another unique mouse model, the ACE 3/3 mouse. In this mouse, ACE somatic expression is under control of the albumin promoter which results in restriction of somatic ACE expression to the liver with a modest degree of expression in the kidney. There is no ACE expression or activity in the endothelium, inflammatory cells or other tissues. The blood pressure of these animals is normal, as is the renal function and hematocrit. Plasma ACE activity is still reduced but the plasma levels of angiotensin II are normal. When we crossed the ACE 3/3 mice with ApoE -/mice, we found that atherosclerosis was not affected. The lesion extent in the descending thoracic aorta and cross sectional area in the ascending aorta was not different. Furthermore, the average thickness of the fibrous cap and the area of the central, necrotic core was not different between the ACE 3/3/ApoE -/mice and their littermate controls (ACE 3/3WT/ ApoE -/mice).
Taken together, these data demonstrate that ACE expression in the arterial wall is not necessary for the development of atherosclerosis. This does not completely exclude a potential role for vascular wall ACE. Recent work from our laboratory using the DOCA salt model of hypertension suggests in that particular model of hypertension in which there is low circulating renin activity, there is a strikingly important role for local generation of angiotensin II within the arterial wall. 35 What we have shown here is that under normal conditions, tissue ACE expression is not an absolute requirement for atherosclerotic lesion formation.
It is also important to note that we have not performed the converse study with ACE expression limited to the endothelium as we do not have that genetic model available. Our data show that vascular wall is not necessary for atherosclerosis but they do not allow us to determine if vascular wall ACE is sufficient for atherosclerosis. One could argue that as the majority of ACE is expressed in the endothelium, 7 the wild type state is largely reflective of endothelial ACE expression.
Our data do not discriminate between the different potential cellular sources of ACE in the arterial wall as all ACE expression in the arterial wall was absent. In the normal artery, the endothelium is the predominant source of ACE expression. In the setting of atherosclerosis and other vascular inflammatory states, macrophages 9, 11 and potentially other inflammatory cells including T cells 11, 36 infiltrating the vessel wall may be significant additional sources of ACE activity. In the late stages of atherosclerosis, it has been hypothesized that local ACE production by macrophages may contribute to advanced lesion progression and plaque destabilization. In our studies we did not identify any differences in lesion morphology between the ACE 3/3 mice and their littermates that were wild type with respect to ACE. However, lesion morphology in the apoE -/mouse is not identical to human disease and plaque rupture is an infrequent or absent event in mice. Thus, we cannot rule out a role for vascular tissue ACE in more advanced disease states in human disease.
While these studies focused on the role of ACE expressed within the arterial wall, they do not address the potentially important roles of other components of the renin angiotensin system that are present in the different cellular components of the arterial wall. 2 Importantly, it has recently been shown that renin expression in macrophages is critical for the development of atherosclerosis. 37 Thus, while these results argue against an obligate role for vascular wall ACE expression in atherosclerosis, they do not exclude important contributions by other components of the renin angiotensin system. ACE may not be the rate limiting step in angiotensin II production in vivo and thus more modest changes in ACE expression may not have similar effects on the development of atherosclerosis.
The finding that there was reduced atherosclerosis in the ACE 2/2 mice provides supportive data for the effect of blood pressure on atherosclerotic lesion formation. We have previously shown that elevated blood pressure alone can augment atherosclerosis in apoE -/mice. 18 While the finding of reduced atherosclerosis in the ACE 2/2 mice may be attributable to either a lower blood pressure or reduced plasma ACE activity in these animals, the finding that atherosclerosis was unaffected in the ACE 3/3 mice helps to dissect out these effects. The fact that the ACE 3/3 mice have reduced plasma ACE activity and are normotensive suggests that the lower blood pressure in the ACE 2/2 mice is largely responsible for the reduction in atherosclerotic lesion formation.
In summary, we have shown that the absence of tissue ACE expression does not inhibit the development of atherosclerosis in apoE -/mice. In contrast to previous suggestions that endothelial ACE contributes significantly to atherosclerotic lesion formation, our data demonstrate that other sources of ACE are sufficient to sustain atherosclerosis. Representative sections from the descending aortas of non-atherosclerotic ACE 2/2/ApoE -/and ACE 3/3/ApoE -/mice and their wild type littermates immunostained for ACE. In wild type mice there is ACE staining in the endothelium and to a lesser degree in the adventitia. In the vessel wall of the ACE 2/2/ApoE -/and ACE 3/3/ApoE -/mice there is a total lack of ACE staining. Arrows indicate endothelium. 
